. 1998. Nitrogen, phosphorus and zinc management effects on grain yield and cadmium concentration in two cultivars of durum wheat. Can. J. Plant Sci. 78: 63-70. Cadmium concentration in durum (Triticum turgidum) grain may be influenced by fertilizer management. A 3-yr field study conducted on two Orthic Black Chernozemic soils investigated the effects of banded and broadcast applications of N and P, and applications of Zn fertilizer on the yield and Cd concentration of the grain of two cultivars of durum wheat. Applications of N and P fertilizer increased grain yield of durum wheat when soil nutrient supply was low or yield potential was high, while Zn application generally had little effect on grain yield. Cadmium concentration of durum increased with applications of N and P and was generally unaffected by Zn application. Method of application of N or P did not consistently influence either grain yield or Cd concentration of the grain under the conditions of this study. Where differences due to placement occurred, banded P produced higher grain yield and Cd concentration than application of the same level of P as a broadcast treatment. Cadmium accumulation increased substantially with N and P applications, since both Cd concentration in the grain and grain yield increased with N and P application. Year-to-year variation in Cd concentration in the grain was large, indicating a strong effect of environment on Cd phytoavailability.
Cadmium is a heavy metal present in varying amounts in soils. Soil Cd may be naturally occurring or due to anthropogenic input. Cadmium can accumulate in the human body over decades, leading to concerns that consumption of foods containing relatively high levels of Cd may result in chronic toxicity (Jackson and Alloway 1992; FAO/WHO 1995) . Based on the potential for food-chain transfer of Cd, the World Health Organization set a maximum provisional tolerable intake limit for an adult at 1 µg Cd kg -1 body weight d -1 (World Health Organization 1972) and a limit of 0.1 µg Cd g -1 fresh weight has been proposed for cereal grains, pulses and oilseeds in international trade. Canada is a major exporter of durum wheat on the international market and durum wheat tends to accumulate higher levels of Cd than spring wheat (Clarke, personal communication, Swift Current, SK, Canada ) . Therefore, it is important to minimize Cd concentration in durum wheat, both to protect human health and to comply with trade requirements.
Fertilizer management can impact on Cd concentration in crops. Phosphate fertilizers usually contain Cd in varying concentrations, reflecting the Cd content of the rock from which the fertilizer was derived (Williams and David 1973) . In long-term field studies, Andersson and Siman (1991) observed that Cd concentrations in seed consistently increased with increasing P application, when the fertilizer contained 70 to 150 mg Cd kg -1 P. They attributed the increase to the Cd contained in the P fertilizer. However, increasing rates of P fertilizer were also accompanied by increasing rates of N and K fertilizer, confounding the interpretation of the data. Phosphorus fertilizer may also influence Cd availability through its effects on soil pH, ionic strength, Zn concentration and plant growth. In growth chamber studies, Choudhary et al. (1994) observed increases in Cd concentration of durum wheat with application of reagent-grade monoammonium phosphate (MAP), which contained only trace amounts of Cd. Increases were due to specific effects of the fertilizer material rather than to addition of Cd. Method of placement of P fertilizer may influence Cd accumulation in crops. Sparrow et al. (1992 Sparrow et al. ( , 1993 , using triple superphosphate, observed that Cd content of potato tubers was increased to a greater extent with banded as compared with broadcast P application. Grant and Bailey (1997) also noted higher concentrations of Cd in flax when MAP was banded as compared with broadcast.
Nitrogen fertilizers have been shown to increase Cd accumulation in plants (Andersson 1976; Williams and David 1976; Eriksson 1990 ). Application of ammonium nitrate increased Cd concentration in malting barley when soil nitrate levels were low, with increased Cd concentrations in the grain generally being associated with increasing crop yields (Grant et al. 1996) . As N fertilizer does not normally contain appreciable amounts of Cd, the increase in Cd accumulation in crops with N application is presumably from acidification or increased ionic strength of the soil solution, which could increase Cd solubility and phytoavailability (Lorenz et al. 1994; Naidu et al. 1994) . Increased transpiration may also occur with N application, which could increase Cd uptake and translocation in the plant (Lorenz et al. 1994) .
Zinc applications can increase (Williams and David 1976) or decrease (Jarvis et al. 1976; Abdel-Sabour et al. 1988; Choudhary et al. 1994; Grant and Bailey 1997) Cd accumulation in crops. Zinc and Cd are both divalent cations and may compete for binding sites in the soil system (Christensen 1984) and for uptake and translocation by the plant (Cataldo et al. 1983; McKenna et al. 1993) . Increased Cd desorption from the soil could increase phytoavailability of Cd, while competition between Zn and Cd for uptake and translocation by the plant may reduce accumulation of Cd. Zinc deficiency may lead to loss of membrane integrity in root cells (Cakmak and Marschner 1987) , leading to an increase in movement of Cd into the plant through mass flow. High levels of P have been shown to reduce Zn concentration in plant tissue and increase the occurrence of Zn deficiencies in a wide range of crops, including flax, cotton, sunflower and wheat (Spratt and Smid 1978; Moraghan 1984; Cakmak and Marschner 1987; Grant and Bailey 1993a,b) . Due to the varying mechanisms where Cd and Zn may compete, and the possibility of P-Zn-Cd interactions, the ultimate effect of Zn additions to a plant-soil system may vary depending on relative P, Zn and Cd concentrations in the soil as well as soil and plant characteristics.
Although studies have been conducted on the individual effects of N, P and Zn on Cd accumulation in a number of crops, little information is available on their interactive effects, particularly under field conditions. This study was designed to examine the effects of varying placements of N and P and combinations of N, P and Zn on grain yield and Cd concentration in durum wheat (Triticum turgidum), on two contrasting soil types.
MATERIALS AND METHODS
The experiment was conducted over three growing seasons, from 1991 to 1993, inclusive. Durum wheat was grown at two sites in western Manitoba on Orthic Black Chernozemic soils, one a clay loam (49°30S′N) and one a silty clay (49°50′N). The clay loam soil received no phosphorus fertilizer during the tenure of the landowner (>10 yr), while the silty clay had a history of average to above average (>15 kg P ha -1 yr -1 ) application of P as MAP over the past 20 yr. Each year, plots were seeded in an area sown to spring wheat or canola the previous year, with no N or P fertilizer on the clay loam soil and 30 kg N ha -1 and no P on the silty clay soil, to minimize residual soil N and P. Two soil samples were taken in each rep allocated to each cultivar in the fall previous to sowing, for a total of 16 soil samples each year. The surface 15 cm of the samples were analysed individually for N, P, Zn, Cd and pH and the 15-to 30-cm and 30-to 60-cm increments of each sample analysed for N. Nitrate-nitrogen and phosphorus were extracted with sodium bicarbonate and Zn and Cd with DTPA (Carter 1993; Bailey et al. 1995) . Nitrate-N concentration in the extract was measured colorimetrically with an autoanalyser, Zn and P with an ARL 3410 ICP unit, and Cd on a Varian 300/400 atomic absorption spectrophotometer at a wavelength of 228.8 nm using a graphite furnace with deuterium correction (detection limit 0.01 ng Cd mL -1 ). Soil pH was measured in deionized water (Carter 1993) . Soil characteristics and nutrient levels are shown in Table 1 . Meteorological data were collected using an automated weather station situated beside each experimental site (Table 2) . Meteorological data at the clay loam site for 1991 was lost due to equipment malfunction. May information for the clay loam was not collected, as the site was seeded near the end of May each year.
Two cultivars of durum wheat, Medora and Sceptre, were sown between 10 and 30 May to a depth of 4.0 cm with a Swift Current seeder with disc openers, in 2 by 5 m plots, containing eight rows with 25-cm spacing. The two cultivars (Anonymous 1992) .
Sources of N, P, and Zn fertilizers were commercial urea, MAP, and ZnSO 4 , respectively. Samples of the fertilizers were dissolved in 1% HCl and Cd concentration in the solutions measured as described previously for the soil extracts. The MAP fertilizer contained an average of 80 (range 60-90) mg Cd kg -1 , the urea contained less than 0.02 mg Cd kg -1 , and the ZnSO 4 contained 480 mg Cd kg -1 . Nitrogen was applied at 100 kg N ha -1 , P at 22 (low) or 44 (high) kg P ha -1 , and Zn at 10 kg Zn ha -1 . Broadcast treatments were spread uniformly by hand and incorporated to a depth of 10 cm with a Triple-K cultivator. Banded N treatments were placed at the 7.5-cm depth with the Swift Current seeder prior to seeding. Banded P treatments were side-banded 2.5 cm to the side and 2.5 cm below the seed-row during the seeding operation. In dual-banded treatments, the N and P fertilizers were blended and banded together in the same band at the 7.5-cm depth with the Swift Current seeder prior to seeding. When N and P were banded apart, the N was banded at the 7.5-cm depth prior to seeding and the P was side-banded 2.5 cm to the side and 2.5 cm below the seedrow during the seeding operation. The N applied with the MAP and the S applied with the ZnSO 4 were balanced with applications of urea and ammonium sulphate, respectively.
At maturity, the grain from 5 m of the centre four rows of each plot was harvested, using a plot combine. Harvest dates were between 20 August and 5 September. Grain samples were dried at 30°C to a uniform 12% moisture, by weight. Samples of the grain were cleaned using a Clipper cleaner equipped with 4-mm sieves. Grain samples were ground in a coffee grinder, wet digested with a mixture of HNO 3 -HClO 4 (9:1) and analysed for Cd on a Varian 300/400 atomic absorption spectrophotometer at a wavelength of 228.8 nm using a graphite furnace with deuterium correction (detection limit 0.01 ng Cd mL -1 ).
Experimental design was a randomized complete block with four replications. As the objective of the study was primarily to evaluate fertilizer effects rather than to compare the performance of cultivars, the cultivars were not randomized but seeded in blocks located side by side and therefore cannot be validly compared statistically. Statistical analysis was conducted using the ANOVA procedure of SAS, using contrast analysis or Student-Newman-Keuls for mean comparisons, where appropriate (SAS Institute, Inc. 1985) . Cultivars were treated as separate experiments and data from the two locations were analysed separately, due to nonhomogeneity of variance. Years were treated as random effects. Where the treatment-by-year interaction was not significant (Table 3 ), data were combined over years. Effects were considered significant if they differed at a probability level of 10%, with the probability level noted in the text if between 5 and 10%, to alert the reader to the fact that the probability level was greater than 5% and should be regarded with caution.
RESULTS

Grain Yield
EFFECT OF SITE, CULTIVAR AND YEAR. Grain yield tended to be lower and variability higher on the clay loam than on the silty clay soil (Tables 3 and 4) . Previous management practices had produced extremely high weed populations at the clay loam site. Therefore, in spite of herbicide application, weed competition generally led to the production of relatively low grain yield and high variability at this site. A valid statistical comparison of cultivar effects was not possible, since the cultivars were not randomized, but Sceptre produced numerically higher yields than Medora at both sites in all years. Grain yield differed significantly from year to year in both cultivars at both locations (Table 3 and 4) . On both the clay loam and the silty clay soils, grain yield was higher in 1991 and 1992 than in 1993. On the silty clay, highest yields occurred on 1992, in spite of the relatively low seasonal precipitation (Table 2) .
EFFECT OF FERTILIZER APPLICATIONS. There was no treatmentby-year interaction for Sceptre on the clay loam soil, so data were merged over years for this site-cultivar combination (Tables 3 and 5 ). The clay loam soil contained lower levels of available nutrients than the silty clay soil (Table 1) , so the grain yield response to fertilizer application was higher on the clay loam than on the silty clay soil. On the clay loam soil, N fertilization increased grain yield of Medora in 1991 and 1993 (Table 5 ). Grain yield of Sceptre was also increased with N application, when averaged over the 3 yr of the study. On the silty clay soil, grain yield increased with For personal use only.
N application in Medora in 1991 and Sceptre in 1992 (Table  6) . Placement of N did not consistently influence crop yield of either cultivar on either soil. On the clay loam soil, grain yields of Medora increased with P application in each year, with banded applications being more effective than broadcast application in 1991 (Table 5 ). The increase in grain yield with P applications was expected, as the available P in the soil was moderate and would have received a recommendation for P fertilization according to Manitoba guidelines (Manitoba Soil Advisory Committee 1982) ( Table 1) . Although yield of Sceptre was consistently higher with P application than without, the effect was not significant due to the high variability. On the silty clay soil, grain yield increased with P application in both durum cultivars in 1992 (Table 6 ). Banded applications of P were more effective than broadcast applications in Medora, but not in Sceptre in that year. Doubling the rate of broadcast P fertilizer had little effect on grain yield on either soil, producing higher yields only on Medora in 1992 (Tables 5 and 6 ).
Zinc application did not influence grain yield of either cultivar on either soil, although soil levels of Zn were considered marginal on the clay loam soil (Soil Fertility Committee of the Saskatchewan Advisory Council on Soils and Agronomy 1987) (Tables 1, 5 and 6).
Cadmium Concentration in the Grain
EFFECT OF SITE, CULTIVAR AND YEAR. Although the DTPAextractable Cd on the clay loam site was similar to or higher than the DTPA-extractable Cd on the silty clay site (Table  1) , average grain concentrations of Cd were numerically lower on the clay loam than the silty clay soil for each cultivar, with the exception of Sceptre in 1991 (Table 4) . The differential between locations was greatest in 1992, when the concentration of Cd in the grain from the clay loam site was approximately half of that from the silty clay site. The two durum cultivars did not differ consistently from one another in grain Cd concentration (Table 4) .
With the exception of Medora on the clay loam, grain Cd concentration varied significantly from year to year (Tables  3 and 4 ). In Sceptre on the clay loam soil and Medora on the silty clay soil, Cd concentration in the grain varied twofold from year to year. In all three cultivar-soil combinations where grain Cd concentration varied significantly, the highest concentrations were associated with the highest grain yields. Since Cd accumulation in the grain is calculated by grain yield times concentration in the grain, and both yield and Cd concentration varied concurrently, then total Cd accumulation also varied substantially from year to year (Tables 3 and 4). EFFECT OF FERTILIZER APPLICATIONS. There was no treatmentby-year interaction for grain Cd concentration on the clay loam soil or for Sceptre on the silty clay soil, so data were merged over years for these site-cultivar combinations (Tables 3 and 7) . On the clay loam soil, application of N fertilizer increased Cd concentration in the grain only in Sceptre, For personal use only.
while on the silty clay soil, Cd concentration in the grain was increased by N application in Medora in 1991 and 1992 and in Sceptre over all 3 yr (Tables 7) . In contrast, N application decreased Cd concentration in the grain in Medora on the silty clay in 1993 (P = 0.064). There was no effect of banding as compared with broadcast application of N on Cd concentration in the grain in any cultivar-site combination. On the clay loam soil, application of P increased Cd concentration in both Medora and Sceptre, while on the silty clay soil, application of P increased concentration of Cd in the grain in Medora in 1991 and 1992 (P = 0.090) and in Sceptre. On the silty clay, the effect of P was primarily evident when P was applied with N fertilizer; Cd concentration in the grain was similar to that of the control when the P was banded alone. Banding the P only produced higher Cd concentration than broadcast application in Medora on the clay loam (P = 0.064). Increasing the rate of P produced higher Cd concentration in the grain of Medora on the clay loam over 1991-1993 and Medora on the silty clay in 1991 (P = 0.064). Rate of P application did not influence Cd concentration of the grain in Sceptre on either site. Phosphorus applied alone had a greater influence than N applied alone in Medora on the clay loam soil and in Medora on the silty clay soil in 1993. In contrast, N applied alone had a greater effect on Cd concentration in the grain than P applied alone in Medora on the silty clay in 1991 and 1992 and in Sceptre on the silty clay, over 1991-1993. On the silty clay soil, with the exception of Medora in 1993, Cd concentration in the grain was higher when N and P were applied together than when P was applied alone. Cadmium concentration in the grain was also higher when N and P were applied together than when N was applied alone on the silty clay in Medora in 1991 and 1992 (P = 0.067).
On the clay loam soil, which contained lower levels of Zn than did the silty clay soil, application of Zn led to lower (P = 0.074) Cd concentration in the grain in Medora, but the effect was not significant in Sceptre, nor was there any effect of Zn on Cd concentration of the grain on the silty clay (Table 7) .
In both Medora and Sceptre, on both soil types, Cd concentration in the grain was positively correlated (P < 0.001) with grain yield, when all fertilizer treatments were combined over the 3 yr of the study (Tables 5-7) . On the silty clay, the correlation coefficient for Medora was 0.68 and Sceptre was 0.72, while on the clay loam the correlation coefficient for Medora was 0.45 and Sceptre was 0.47.
DISCUSSION
Both grain yield and Cd concentration in the grain varied substantially from year to year, indicating a large environmental influence. For example, on the silty clay in 1992, Medora consistently produced grain with Cd levels above the proposed 0.1 mg g -1 limit while in 1993 Medora grain was consistently below the limit, regardless of fertilizer application. The large variation due to environmental factors will make it difficult to consistently attain Cd levels in vs. no P (1,3,4 vs. 5,6,7,9,10,12) 0.070 0.004 <0.002 NS Zn vs. no Zn (1,7,10 vs. 2,8,11) NS w NS NS NS High P vs. Low P (11 vs. 12) NS 0.010 NS NS P Band vs. Broad (6, 7, 8 vs. 10, 11) <0.001 NS NS NS N Band vs. Broad (3, 6, 7 vs. 4, 9) 0.013 NS 0.034 NS N vs. P (3,4, vs. 5) 0.057 NS 0.002 NS N+P vs. P (5 vs. 6,7,9,10,12) <0.001 NS <0.001 0. 078 N+P vs. N (3,4, vs. 6,7,9,10,12) NS 0.0283 <0.001 NS z Rate of P fertilizer is 22 kg P ha -1 , except for treatment 12, where the rate is 44 kg P ha -1 . y N Band = N banded 7.5 cm deep in the soil; Broad = broadcast and incorporated; P Band = P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row; P-N Dual Band = P and N banded together 7.5 cm deep in the soil; P-N Band Apart = N banded 7.5 cm deep in the soil and P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row. grain below proposed international standards. In all three cultivar-soil combinations where grain Cd concentration varied significantly, the highest concentrations were associated with the highest grain yields, indicating firstly, that the high concentrations were not due to biological dilution and secondly, that total Cd accumulation in the durum grain, which is a function of both concentration and grain yield, was affected to an even greater extent than Cd concentration.
On the Canadian prairies, banded applications of P or N frequently produce higher crop yields than broadcast applications, because of increasing fertilizer availability. In this study, banded P increased yield significantly as compared with the same level of broadcast P application only on the clay loam soil in Medora in 1991 and on the silty clay in Medora in 1992. Yields of banded applications in Medora on the clay loam were also numerically higher than those of broadcast applications in 1992 and 1993, but effects were not significant. Banded application of P also produced higher grain Cd levels (P = 0.064) than broadcast application of the same level of P in Medora on the clay loam soil. The lack of consistent effects of band application may indicate that the rate of P or N applied was generally sufficient to satisfy crop requirements and that growing conditions were such that there was no advantage to increasing the efficiency of fertilizer application through banding.
Cadmium concentration of the grain of both Medora and Sceptre increased with application of N or P fertilizer in most site-year combinations. Increases in seed Cd with P fertilization have been reported by Andersson and Siman (1991) , Choudhary et al. (1994) , McLaughlin et al. (1995) , Grant et al. (1996) and Grant and Bailey (1997) , among others. The increase in Cd concentration in the grain in the current study could be due to the Cd applied as a contaminant in the P fertilizer. The MAP used in this study contained approximately 80 mg of Cd kg -1 and application of 80 kg of fertilizer would add 6.4 g of Cd to the soil system per hectare, which is more than the increase in Cd removal in the grain associated with P application. However, Choudhary et al. (1994) reported an increase in Cd concentration in durum with application of reagent-grade MAP, which contained only trace amounts of Cd. In the current study, lack of response of grain Cd concentration to P applications were associated with high levels of available soil P. Also, doubling the rate of MAP and the associated Cd added generally did not affect the Cd concentration in the grain. Therefore, increases in Cd concentration in the grain appeared, at least in part, to be associated with P nutrition, rather than solely the addition of Cd with the fertilizer.
Cadmium concentration in durum grain was also increased with application of N fertilizer, with the effects being as large and as consistent as the effects of P application. The N fertilizer used in this study did not contain measurable amounts of Cd, therefore the observed increase in grain Cd must be due to factors other than Cd addition. In growth chamber studies, Lorenz et al. (1994) demonstrated that soil solution concentration of Cd was closely related to P vs. no P (1,3,4 vs. 5,6,7,9,10,12 N+P vs. N (3,4 vs. 6,7,9,10,12) NS 0.001 NS NS 0.045 NS z Rate of P fertilizer is 22 kg P ha -1 , except for treatment 12, where the rate is 44 kg P ha -1 . y N Band = N banded 7.5 cm deep in the soil; Broad = broadcast and incorporated; P Band = P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row; P-N Dual Band = P and N banded together 7.5 cm deep in the soil; P-N Band Apart = N banded 7.5 cm deep in the soil and P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row. x Numbers in parentheses indicate treatment numbers included in contrast. w NS indicates that the treatments being contrasted do not differ at the 10% level of significance. the excess of ammonium nitrate fertilizers applied to soils above the amount removed by the plants. This could be explained by desorption of ions adsorbed onto exchangeable sites on the soil colloids. In the current study, the increased Cd in the solution caused by application of N or P fertilizers could have enhanced Cd concentration in durum grain.
Increasing grain yield frequently will reduce the concentration of a nutrient in the grain, where the uptake or translocation of the nutrient is limited and the nutrient is diluted by the increasing dry matter accumulation of the grain. However, in this study, Cd concentration of the grain was positively correlated with grain yield, in contrast to the expected dilution effect. Therefore, total Cd accumulation in the grain increased to a greater extent than the Cd concentration in the grain, as both Cd concentration in the grain and grain yield increased simultaneously. Increased crop yield may improve the ability of the crop to remove Cd from the soil, by increasing root growth or enhancing mass flow. In pot studies examining the effects of nutrient excesses on ion uptake by radish, Lorenz et al. (1994) reported that mass flow was positively correlated with Cd uptake. Therefore, it is possible that part of the effect of N and P in increasing grain Cd concentration may relate to the increased crop growth associated with fertilizer application.
Zinc applications have reduced Cd concentration in a number of crops (Abdel-Sabour et al. 1988; Choudhary et al. 1994; Grant and Bailey 1996; McLaughlin et al. 1995 ).
In the current study, the Cd concentration in the seed was generally numerically lower when Zn was applied than in its absence, but the differences were generally not significant. The levels of Zn in the soils used in this study were not deficient for durum production, as application of Zn did not produce a yield response. Large reductions in Cd concentration in durum grain with Zn application may occur only under conditions of Zn stress, as would occur on soils containing low amounts of available Zn or in pot studies, where rooting volume is restricted, but this was not the case in the current study.
CONCLUSIONS
Year-to-year variation in Cd concentration in the grain was high, indicating a large effect of environment on phytoavailability of Cd. Applications of N and P fertilizer increased grain yield of durum wheat when soil nutrient supply was low or yield potential was high, while Zn application generally had little effect on durum grain yield. Cadmium concentration of durum grain increased with applications of N and P and was generally unaffected by Zn application. Method of application of N or P did not consistently influence either grain yield or Cd concentration of the grain under the conditions of this study. Where differences due to placement occurred, banded P produced higher grain yield and Cd concentration than application of the same level of P as a broadcast treatment. Rate of application of broadcast P had little effect on either grain yield or Cd con- N+P vs. N (3,4 vs. 6,7,9,10,12) NS NS 0.011 0.067 NS NS z Rate of P fertilizer is 22 kg P ha -1 , except for treatment 12, where the rate is 44 kg P ha -1 . y N Band = N banded 7.5 cm deep in the soil; Broad = broadcast and incorporated; P Band = P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row; P-N Dual Band = P and N banded together 7.5 cm deep in the soil; P-N Band Apart = N banded 7.5 cm deep in the soil and P side-banded 2.5 cm below and 2.5 cm to the side of the seed-row. x Numbers in parentheses indicate treatment numbers included in contrast. w NS indicates that the treatments being contrasted do not differ at the 10% level of significance.
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For personal use only. centration in the grain. Cadmium concentration of the grain increased as grain yield increased, indicating a large effect on total Cd accumulation in the grain.
